ABSTRACT Resolution of systematic relationships among members of the Culex pipiens (L.) complex has important implications for public health as well as for studies on the evolution of sibling species. Currently held views contend that in California considerable genetic introgression occurs between Cx. pipiens and Cx. quinquefasciatus Say, and as such, these taxa behave as if they are a single species. Development of high throughput SNP genotyping tools for the analysis of Cx. pipiens complex population structure is therefore desirable. As a Þrst step toward this goal, we sequenced 12 gene fragments from specimens collected in Marin and Fresno counties. On average, we found a higher single nucleotide polymorphism (SNP) density than any other mosquito species reported thus far. Coding regions contained signiÞcantly higher GC content (median 54.7%) than noncoding regions (42.4%; Wilcoxon rank sum test, P ϭ 5.29 ϫ 10 Ϫ5 ). Differences in SNP allele frequencies observed between mosquitoes from Marin and Fresno counties indicated signiÞcant genetic divergence and suggest that SNP markers will be useful for future detailed population genetic studies of this group. The high density of SNPs highlights the difÞculty in identifying species within the complex and may be associated with the large degree of phenotypic variation observed in this group of mosquitoes.
DeÞning species, subspecies, and forms of members of the Culex pipiens (L.) complex has been a subject of much debate despite comprehensive studies using comparative morphology (Dobrotworsky 1967 , Jupp 1978 , Miles and Paterson 1979 , behavior (Urbanelli et al. 1985 (Urbanelli et al. , 1997 Byrne and Nichols 1998; Chevillon et al. 1998; Spielman 2001; Cornel et al. 2003; Gomes et al. 2009; Reusken et al. 2010) , and population genetics using isozymes (Tabachnick and Powell 1983, Weitzel et al. 2009 ) and microsatellite DNA polymorphism (Fonseca et al. 2004 , Keyghobadi et al. 2006 , Edillo et al. 2007 , Huang et al. 2008 , Bataille et al. 2009 , Gomes et al. 2009 ).
Within California, members of the complex are dispersed across various ecoregions: Cx. quinquefasciatus Say in the warmer south, Cx. pipiens in the cooler north, and hybrids in central California (Barr 1982 , Tabachnik and Powell 1983 , Urbanelli et al. 1995 . Highly autogenous and stenogamous mosquitoes resembling Cx. pipiens collected as larvae under an apartment complex in the city of San Rafael (Marin County) suggests that Cx. p. molestus may also occur in California . Autogenous mosquitoes do not require blood feeding to develop eggs. If these mosquitoes are stenogamous and mate only in a restricted underground spaces (e.g., storm sewers) they are likely genetically isolated.
Cx. pipiens s.l. are conÞrmed vectors of West Nile virus in California (Goddard et al. 2003 , McAbee et al. 2008 ) and consequently targets of intense control efforts. We were motivated to isolate and characterize single nucleotide polymorphisms (SNPs) to further population genomics studies of this important group of mosquito vectors.
In 2007, the Cx. quinquefasciatus genome project released the latest sequence assembly data of 3,171 scaffolds (http://metazoa.ensembl.org/Culex_quinquefasciatus), and formally published in 2010 (Arensburger et al. 2010) . Unfortunately, the genome sequence has yet to be assembled onto chromosomes. We sequenced 12 gene fragments from specimens collected in Marin and Fresno counties in Central California. We chose these two central California counties for our initial SNP characterization because they are likely to include the range of Cx. pipiens s.l. members currently identiÞed in California and therefore are likely to represent the full range of genetic diversity in this region. Cold tolerant Cx. pipens (Cpp) and autogenous and stenogamous "molestus (Cpm)" are sympatric in Marin County , whereas Fresno County provides habitat for Cpp, Cx. quinquefasciatus (Cpq) and their hybrids (McAbee et al. 2008) . In this article, we summarize the results of a preliminary study aimed at describing SNPs and other types of mutations observed in functional genes of Culex pipiens s.l. mosquitoes from Central California and that may prove useful for downstream population genetics studies of this group of mosquitoes.
Results
The number of single nucleotide polymorphisms varied from 8 to 77 per gene fragment. The mean number of mutations was 44.3 (Ϯ24.2) and the median 43; this is equivalent to a SNP every 13 nucleotides on average. GenBank accession numbers of sequences analyzed for this study are provided in Table 1 . The most polymorphic regions were found in ESTB1 and ODR (see total number of mutations, t , in Table 2 ). The median of %GC in introns was 42.4% while the median in coding regions was 54.7%. GC content was signiÞcantly higher in coding regions than introns (Wilcoxon rank sum test, P ϭ 5.29 ϫ 10
Ϫ5
). Sequences were designated "noncoding" and/or "coding" based on exons reported for the Cpq genome on Ensembl (Arensburger et al. 2010) .
SNPs that cause frame shifts were lacking, except for one specimen in the TRYP fragment. The 25Ð29th nucleotide (reference sequence: GCCA) of TRYP exon one encodes the ninth (alanine) and part of the 10th amino acids (threonine). These four nucleotides were replaced by single nucleotide T for all specimens from Marin County, resulting in a deletion of one amino acid and nonsynonymous mutation from threonine to serine. A single specimen from Fresno County possessed an additional insertion of C between GCC and A that may result in a frame shift in the transcript. Another notable mutation was an insertion/deletion of an entire intron in VIT. This intron, between exon two and exon three of VIT, is common (31/34) in Marin County, but only 47% (ϭ15/32) of the samples from Fresno County contained this intron.
The gene ßow estimation method implemented in DnaSP detected signiÞcantly limited gene ßow between Marin and Fresno Counties for Þve gene fragments AceII, ESTB1, FOXO, MyoLC, and VATPS. The mean F ST between the two counties for these Þve genes was 0. 489 (Ϯ0.198) , and the average number of nucleotide differences was 15.4 (Ϯ11.2) ( Table 2 ). The F ST between Fresno and Marin for each locus is illustrated in Fig. 1 . We conducted Fisher exact tests to examine the relationship between allele abundance and county for each mutation and found signiÞcant divergence in all genes except bTUB. A list of selected signiÞcantly diverged mutations is presented in Table  3 , and a full list of mutations and calculated Fisher exact test P values are provided in Supplemental Table  S1 (available online only).
Mosquitoes collected from Fresno County were more similar to the published Johannesburg strain (JNB) of Cpq genome sequence than those from Marin County (Table 4) . Only fragments of TRYP ampliÞed from three specimens from Fresno County were identical to the JNB reference sequence; none of the remaining 13 gene fragments was the same. The TRYP fragment was monomorphic in specimens from Marin County, but was only 95% identical to the published JNB sequence.
Despite signiÞcant divergence between counties (Tables 2 and 3) , no Þxed SNP differences were observed. Between the two counties, 41% of mutations were shared, 28% of mutations were polymorphic in Marin County and monomorphic in Fresno County, and the remaining 31% of mutations were polymorphic in Fresno Country and monomorphic in Marin County. Tajima SD test indicates all polymorphisms are neutral (P Ͼ 0.1); although future studies with a larger sample size are necessary to conÞrm this.
In addition to SNPs, we observed microsatellites and long insertion/delitions (indels). Multiple microsatelllites were observed in the 5.8S rRNA sequences that included a single GC repeat in Marin County compared with one or two repeats in Fresno County, three GAC repeats in Marin County compared with three or four repeats in Fresno County, and one or two GTTC repeats in both counties. In an intron between exon two and three of Esterase B1, a GGT motif occurred with 0 Ð2 repeats in both counties. Mutations within exon one of HSP70 were observed that included a 5bp-long (AGTTA) indel and a 11Ð13bp (TTCACATA[-/C][-/A]AAGT) indel. Because these indels were observed within a coding region, they may affect transcription of HSP70. Some specimens from Fresno County had a TT insertion in TRYP whereas this insertion was absent in mosquitoes from Marin County. In addition, some sequences for the TRYP gene from Fresno County have a GCC insertion that can lead to the insertion of an amino acid. The Vitellogenin gene fragment contained an indel of up to 111 bp in some individuals from both counties, but the insertion of this long fragment was more common in Marin County specimens.
Discussion
Extensive polymorphism was observed in the 12 genes analyzed (total 7,094 bp) in Cx. pipiens s.l. from Marin and Fresno counties. On average, a SNP occurred every 13 bp. This SNP frequency is much greater than the SNP frequency in Anopheles gambiae (Giles), which has a SNP approximately every 250 bp (Holt et al. 2002) . Previous An. gambiae research reported one SNP every 125 coding base pairs in nuclear genomic sequences obtained from laboratory strains of An. gambiae (Morlais et al. 2004 ). The Cx. pipiens SNP density is also higher than in Aedes aegypti (L.), which is reported to have one SNPs every 83 bp (Morlais and Severson 2003) , although the genes interrogated are not the same, so this is not a direct comparison. Nonetheless, it is clear that on average the SNP density is very high in the Cx. pipiens genome. The high SNP frequency among California Cx. pipiens s.l. reported here creates signiÞcant challenges for ge- nome-wide high-throughput genotyping because primer design is constrained by polymorphism in sequence ßanking the target SNP. Sequence fragments for HSP70, TRYP, VIT, and 5.8S rRNA matched multiple genes in the JNB Cpq genome with a sequence identity Ͼ95%. This indicates that some of the observed polymorphism may be because of gene duplications rather than point mutations within a single gene. Specimens presumed to be heterozygous for alleles (e.g., within the same gene fragment) differed by as much as 5% (Table 4) . Although this high amount of heterogeneity may be because of allelic variation in a single copy gene it is equally plausible that it represents nonallelic variation in multi-copy genes. This challenges attempts to predict genes in the Cpq and related genomes because single copy genes with high variation can be annotated as a multi-copy gene with high sequence similarity. The issue of gene duplication and the occurrence of multi-copy gene families should be resolved as assembly and annotation of the Cpq genome improves.
Of interest, we reported private microsatellite alleles and SNPs associated with Marin or Fresno County. These county speciÞc SNPs may be useful for future studies aimed at describing introgression of Cpp and Cpq in California. Recently, Huang and colleagues (2011) reported two SNPs within the 28S rDNA sequence and applied them to study introgression between Cpp and Cpq (Huang et al. 2011 ). One of the many SNPs we reported was a private microsatellite allele in 5.8S rDNA, downstream of the 28S fragment, present in Fresno county but absent in Marin (Table  3) . Whether this private polymorphism originated from introgression with Cpq and its utility as a diag- nostic marker differentiating Cpq from Cpp remains to be seen.
The observation that in the Cx. pipiens s.l. genome coding regions have higher GC content than noncoding regions is consistent with other organisms (Burge and Karlin 1997 , Wuitschick and Karrer 1999 , Pozzoli et al. 2008 . In addition, a positive correlation between GC content and recombination has been reported in insects (Marais et al. 2001 , Takano-Shimizu 2001 , humans (Ikemura and Wada 1991, Galtier et al. 2001) , and other animals (Hurst et al. 1999 , Galtier et al. 2001 , Williams and Hurst 2000 . This is important because variation in GC content can inßuence the accuracy in gene predictions (Burge and Karlin 1997) . GC content is also reported to be associated with staining intensities of human chromsomes (Furey and Haussler 2003) . Whether banding patterns in Cx. pipiens polytene chromosomes are associated with congregates of coding genes remains to be investigated.
This study demonstrates that signiÞcant polymorphism and between-population divergence in the genomes of California Cx. pipiens complex members exists and that SNPs can be useful markers for the study of the population genetics of this group. SNPs have signiÞcant advantages over other markers (e.g., microsatellites) for population genetic studies. Although microsatellite markers have been developed for Cx. pipiens s.l. (Fonseca et al. 2004 , Edillo et al. 2007 , Kilpatrick et al., 2007 in our experience the protocols applied for assaying California populations (unpublished) are prone to numerous polymerase chain reaction (PCR) failures (ϭnull alleles). This is not surprising given the very high frequency of SNPs in the genome of this group as observed in this study. It should be expected that with a large number of polymorphisms, ampliÞcation of gene fragments, or microsatellites would be difÞcult because of polymorphisms in polymerase chain reaction (PCR) primer annealing sites. In addition, whereas a typical microsatellite-based population genetics study uses 20 Ð25 markers, a SNP-based study can easily include several hundred markers from various positions across the genome. This greatly improves genome coverage, facilitating analyses of ecological, and/or phenotypic association studies. Association mapping studies using SNPs can be used to identify causative loci responsible for phenotypes of interest, such as space requirement for mating (eurygamy requiring a large space for mating vs. stenogamy that can mate in a narrow space like small cage or tube), host preference (bird vs. mammalian), oviposition site preferences (above ground vs. below and clean vs. eutrophic water bodies), insecticide resistance, dispersal, and other behaviors. Such association studies should contribute to the resolution of some of the systematic mysteries in the Cx. pipiens complex and a better understanding of the genetics of insecticide resistance, which is increasingly being recognized as a threat to controlling this group of mosquitoes (Hemingway and Ranson 2000, McAbee et al. 2003) .
Methods
Mosquito Samples. Mosquitoes were collected as larvae in an apartment basement and as adults aboveground in areas surrounding the apartment complex using CO 2 baited CDC traps (Sudia and Chamberlain 1962) (Bohart and Washino 1978) . Location of collection sites are indicated in Fig. 2 .
DNA Extraction and Sequencing. In total, 35 individual whole mosquitoes, 19 from Marin County and 16 from Fresno County, were lysed using a Qiagen Tissulyser and genomic DNA extracted using a BioSprint 96 DNA Blood Kit (Qiagen, Chatsworth, CA). Published genomic DNA or mRNA sequences derived from multiple isolates of known genes for Cx. pipiens compex (Arensburger et al. 2010 , Hasan et al. 2009 were blasted against the Cpq supercontig sequences using the Ensembl Blast tool (http://metazoa. ensembl.org/Culex_quinquefasciatus/blastview). The supercontig sequences with the highest identity score to the query gene sequences were selected for sequencing. Primers were designed using Primer3 (http://frodo.wi.mit.edu/primer3/), and primer sequences used are provided in Table 1 . For optimal sequencing results, we limited GC content of each primer to be between 45 Ϸ 60%, and primer melting temperature to be between 57 and 63ЊC.
In total, 12 gene fragments were sequenced including: acetylcholinase two (ACE2), beta tubulin (bTUB), esterase B1 (ESTB1), forkhead transcription factor (FOXO), heat shock protein 70 (HSP70), myosin light chain two (MyoLC2), odorant receptor Or2 (Or2), thiamine pyrophosphokinase one (TPPK), trypsin 5G1 (TRYP), v-type ATP synthase B (VATPS), vitellogenin (VIT), and 5.8S rRNA (5.8S). Each gene was located on a different supercontig (Table 1) . ESTB1 is annotated with different names in other literature such as EST-3, EST-A, EST-A1, or EST-A2 (Arensburger et al. 2010 , Rooker et al. 1996 , Ben Cheikh et al. 2009 ). Each 50 l PCR reaction contained 0.5 M of forward and reverse primers, 1X PCR reaction buffer (Applied Biosystems, Carlsbad, CA), 1.5 mM MgCl 2 , 200 M dNTP mix, 1.25U AmpliTaqDNA polymerase (Applied Biosystems, Carlsbad, CA) and 2 l of DNA template. The thermocycler was programmed for all PCR reactions to denature for 5 min at 95ЊC followed by 35 cycles of 95ЊC for 30 s, annealing temperatures ranging from 48 to 54ЊC for 30 s, 72ЊC for 30 s and then a Þnal 5 min at 72ЊC. For each gene fragment, the PCR reaction was adjusted by either modifying the PCR mix and/or thermal cycling annealing conditions for optimal ampliÞcation. Amplicons were sequenced at the UC DNA Sequencing Facility (College of Biological Sciences, UC Davis) using an ABI 3730 Genetic Analyzer (Applied Biosystems). Gene fragments were also sequenced in both directions (forward/reverse) and SNPs were identiÞed only if the SNP was found in both directions. ChromasLite ver. 2.01 was used to view chromatograms and convert chromatograms to text sequences. BioEdit (Ibis Therapeutics, Carlsbad, CA) and/or Geneious (Drummond et al. 2010 ) software were used for sequence alignment. Certain individuals were heterozygous for indel mutations in some genes causing mixed base pair nucleotide alignments after the indel mutation. To resolve these mixed sequences, we used in-house haplotype Þnder software, which extracts two haplotype sequences from an entangled chromatogram caused by two haploids having indel mutations.
Genetic Data and Statistics. DnaSP ver 5.10 software was used for analyzing DNA polymorphisms among mosquitoes (Librado and Rozas 2009) and R software (http://www.r-project.org) was used for Fisher exact tests. Means and standard deviations are noted as M Ϯ SD. 
